An orifice flowmeter was used to measure the extensional viscosity of several non-pigmented fluids and paper coating colors containing calcium carbonate as pigment in the context of a jet coating application. The orifice flowmeter was first calibrated in terms of a dimensionless Euler number versus Reynolds number curve with Newtonian fluids. The calibration curve was then used to determine the apparent extensional viscosity of coating colors. In the strain rate range investigated, all the fluids were found to exhibit strain-thinning and the Trouton ratio of the coating colors was in the range 5 to 20. Jet coating tests were also carried out in order to evaluate the effect of the extensional viscosity on the jet performance. The extensional viscosity was shown to be a key parameter determining the configuration of the downstream meniscus in the web contact region.
INTRODUCTION
The paper coating process is a complex procedure that involves a paper web, a coating liquid and a metering device. The aim of coating is to improve the optical and printing properties of paper by applying a thin liquid film onto its surface. In most coating operations, the control of both the thickness and the uniformity of the coated liquid film can be achieved using blade, roll and nozzle devices. Coating liquids also called colors are concentrated aqueous mixtures of dispersed mineral or synthetic particles (from 50 to 70 wt%), binders, dispersants, thickeners and other additives [1] . Interactions between these various ingredients are known to result in a complex rheological behavior [2] .
The non-Newtonian behavior of coating colors depends also on flow kinematics during the application process and their deformation history. From a processing point of view, the knowledge of their rheological behavior and the control of this rheology are of practical interest, especially the relationship between the rheological properties and the ability of the fluid to coat on a moving paper at high speed.
Jet coating is considered a promising technology used as an alternative to traditional flooded nip, roll or blade coating. It can be performed at speeds reaching 33 ms -1 [3, 4] , yielding deformation rates up to 10 4 s -1 . In this coating operation, the coating color is transferred to paper by means of a nozzle (see Fig. 1 ). As soon as the liquid jet impinges onto the paper web, it is spread on its surface as a pre-metered thin film. The thickness of the coated liquid film,T f , is controlled by the flow rate fed into the nozzle, which defines the jet thickness,T j . The liquid flow in the application region, and therefore the quality of the coated liquid film is strongly affected by operating conditions, mainly the web speed, U, and the jet velocity, V, the liquid physical-chemistry and mechanical properties, and the nozzle arrangement (D and a). The magnification of the application region shown in Fig. 1 illustrates the relevant characteristics of the jet field flow. There are regions of low deformation rate, in the feeding nozzle and in the coated liquid film, and regions of extremely high deformation rate near the wetting contact line and over the downstream meniscus. In the nozzle, a combination of shear and extensional flows is developed. In the coated liquid film, where plug flow is reached, the deformation vanishes. The flow close to the free surfaces is dominated by extension, then for a given paper speed, the downstream meniscus will exhibit different configurations according to the extensional properties of coating liquids. As shown in Fig. 1 , i.e. a liquid having a low extensional viscosity will promote an increased curvature of downstream meniscus.
Because extensional flows strongly orient polymer molecules and non-symmetric particles, regions of extensional flow in jet coating process can have a strong effect on film application and final product properties [5] , i.e. jet stability and stretching. Particles orientation could also have an effect on the printing properties [3] . Indeed, in extensional flow, the preferred molecular orientation is in the direction of the flow field because there are no competing forces to cause rotation as in shear flow. Hence, extensional flow will induce the maximum stretching of the molecules producing a chain tension that may result in a large resistance to deformation compared to shear flow.
Although the extensional viscosity is of fundamental importance for a variety of coating phenomena, the attention has rather been focused on the shear viscosity and viscoelastic properties of colors and suspensions. At present, no simple experimental technique exists to quickly and accurately measure the extensional viscosity of suspensions. Several innovative techniques have been developed for polymer melts and solutions [5] . However, the extensional properties have been difficult quantities to measure at high extensional rates.
The use of entry flows appears to be a good alternative when the fluid is submitted to strain rates larger than 1000 s -1 . The pioneering analysis of converging flow developed by Cogswell [6] is perhaps the most robust technique followed by the similar energy balance minimization method of Binding [7] . The Cogswell method is based on the simple idea that the converging flow into an orifice has a strong extensional component and that extensional viscosity and extension rate can be calculated from entrance pressure drop using simple analytical expressions. It can be applied equally well to both high viscosity polymer melts and low viscosity polymer solutions.
Little information has been found on entry flow measurements for concentrated suspensions and coating colors. Isaksson et al. [8] evaluated the extensional properties for coating colors containing a blend of kaolin and calcium carbonate using a converging channel. Coating colors having an average solids content of 60wt % exhibited a strain-thinning at strain rates lower than 2000 s -1 . Della Valle et al. [9] used an orifice flowmeter for measuring the extensional viscosity of clay suspensions dispersed in aqueous polyethylene glycol having a solids content of 50, 55 and 60 wt%. They found that the extensional viscosity was constant for the three suspensions investigated, but 12 to 16 times larger than shear viscosity in a strain rate from 10 to 1000 s -1 . O'Brien and Mackay [10] measured the extensional viscosity of kaolin pigment suspensions (71 wt% solids content). They found that the strain-thickening became apparent at rates of 1000 s -1 . The ratio of the extensional to shear viscosity was found to have values of the order of 50 to 100. Ascanio et al. [11] found a Trouton ratio between 4 and 36 for coating colors based on clay at strain rates ranging from 1000 to 10000 s -1 . Depending on the coating color composition, extensional viscosity decreased or increased with increasing stain rate, and then leveled off at large strain rates.
The objective of this work is to investigate the extensional viscosity of typical paper coating colors at high strain rate, in conditions similar to those encountered in the jet coating process. Because extensional deformation dominates the jet flow in the application region, these data are used to elucidate the effect of extensional properties of the coating liquids on jet performance. The orifice flowmeter technique was used to measure the extensional viscosity of nonpigmented fluids and coating colors formulated containing calcium carbonate as in Ascanio et al. [11] . This method is based on the analysis of the extensional and simple shear components of the converging flow through a small size orifice and allows calculating the relationship between flow rate and pressure drop.
EXPERIMENTAL

MATERIALS
As shown in Fig. 2 , the orifice flowmeter consists of two identical reservoirs separated by an orifice plate. The reservoirs are cylinders of 76.2 mm of inner diameter and 1 m long. The orifice plate is a disc with 45° converging and diverging sections which form a hole of 4.34 mm diameter (Fig. 3) . Fluids are pushed through the orifice from one filled cylinder to the empty one in two-way direction by hydraulic pistons. The hydraulic system is driven by three different pumps. The speed of each piston is measured by means of a LVDT position transducer, allowing an accurate determination of the flow rate through the orifice (2.5 to 28 x 10 -3 m 3 s -1 ). The operating principle of the orifice flowmeter is based on the pressure drop due to the flow through the orifice. The pressure drop is measured by means of a differential pressure transducer via small holes bored on each side of the orifice plate. A computer is used to control the pumps and collect flow data (the flow rate and the pressure drop through the orifice). For a full description of the background to the measuring technique, see Della Valle et al. [9] and Ascanio et al. [11] . 
OPERATING PRINCIPLE
A converging flow of Newtonian fluid, in absence of inertia effects, can be analyzed in terms of its extensional and simple shear components. The total pressure drop, DP T , for the converging section can be defined only in terms of shear and extensional contributions as:
( 1) where DP S is the pressure drop due to shear flow and DP E is the pressure drop due to extensional flow. We assume that in the converging region, the flow is laminar, locally fully-developed and at steady state, the converging streamlines follow the actual cone angle of the orifice (45°) and the effect of the radial velocity is negligible. Furthermore it is considered that the pressure drop is negligible in the divergent section of the orifice. Then for a Newtonian fluid, the pressure drops induced by the shear flow and extensional flow are respectively:
where d o and d c are the diameter at the orifice and the cylinder, respectively, Q is the flow rate and m is the shear viscosity of the fluid.
Considering that d o << d c , the total pressure drop can be then written as: (4) From Eqs. 2, 3 and 4 one can observe that shear and extensional contributions represent 27% and 73%, respectively, of the total pressure drop. This result is valid for the orifice plate configuration
used in this work, i.e. for an entrance angle equal to 45 degrees. The effective strain rate is taken as half the square root of the second invariant of the rate-of-deformation tensor, = √3 e · and was calculated by Della Valle et al. [9] in terms of the orifice diameter and the velocity at the orifice as: (5) where V o is the average velocity of the fluid at the orifice and the value of 29.1 is a geometrical constant obtained using Metzner and Otto concept [12] to relate the extensional rate to the shear rate.
CALIBRATION
The equipment was calibrated by plotting the pressure drop-flow rate curve in terms of dimensionless Euler number versus Reynolds number. The Reynolds number, Re, is here defined as: (6) and the Euler number, Eu, as:
By combining Eqs. 4, 6 and 7, the orifice curve can be described in laminar regime by the relation:
Eq. 8 represents the theoretical expression of Eu versus Re for the laminar regime. This expression has been verified for Newtonian fluids [9, 10] and by a 2-D flow simulation [9] .
The calibration curve can be used to determine the apparent extensional viscosity of non-Newtonian fluids from the knowledge of the pressure drop. In the case of a purely shear-thinning (or shear-thickening) fluid, the shear viscosity in the definition of Reynolds number (Eq. 6) is considered as an apparent viscosity evaluated at the shear rate occurring at the orifice. Then, relating the shear viscosity to the extensional viscosity by the Trouton ratio (i.e. h E = 3m), the apparent extensional viscosity can be obtained from the pressure drop using the orifice curve in the laminar regime (Eq. 8) as: (9) It is important to point out that as the strain rate increases, the inertia effects in the orifice flow can no longer be neglected and the data need to be corrected. According to Ascanio, et al. [11] , pressure forces are equal to inertia forces for Reynolds numbers larger than 20, so that Euler number becomes equal to unity. Hence, the Euler number used to calculate the apparent extensional viscosity in this region is corrected as follows: (10) Three concentrations of polyethylene glycol (PEG 35 000, Clariant Ltd.) aqueous solutions ranging from 20 to 30 wt% were used as Newtonian fluids for calibrating the orifice flowmeter. The corresponding viscosities were 0.14, 0.35 and 0.59 Pa s for 20, 25 and 30 wt% solutions, respectively.
FLUIDS
Two types of fluids were compared in this work: non-pigmented fluids and pigmented coating colors. A carboxymethyl cellulose (Finnfix 30, Noviant Inc.) aqueous solution at 6 wt% having a density of 1020 kg m -3 and an aqueous solution of 5 wt% polyethylene glycol (PEG 35000, Clariant Ltd) -3 wt% carboxymethyl cellulose (Finnfix 700, Noviant Inc.) having a density of 1009 kg m -3 were used as non-pigmented non-Newtonian fluids. In the forthcoming results, the fluids will be denoted by PEG, FF30 or FF700 followed by one or two digits indicating the concentration by weight. Six coating colors based on commercial paper formulations were tested in the orifice flowmeter. Ground calcium carbonate (Carbital 90) from Imerys was used as pigment. A carboxymethyl cellulose with an average molecular mass of 60000 (Finnfix 10) from Noviant Inc. was used as thickener and water retention aid. Modified styrene butadiene latex (CP620NA) from Dow Chemical Co. was used as a binder, and sodium carboxymethyl cellulose having an average molecular mass of 90000 (CMC 7LT) from Hercules was used as a thickener agent. Each coating color was prepared from the pigment slurries adding gradually 1 pph (dry parts of ingredient per hundred parts of pigment) of Finnfix10, previously hydrated and, then, 10 pph of latex was added to the same formulation. According to the formulations shown in Tab. 1, two different contents (0.5 or 1 pph) of CMC 7LT were also added at the same time as Finnfix10. The final pH was adjusted between 8.5 and 9.0 by adding 10 wt% NaOH and the final solids content was adjusted to 55 or 65 wt%. In the presentation of the results, all the colors ("C") will be denoted by a code containing three symbols. The first symbol, 55 or 65, represents the solids content. The second symbol, 0, 0.5 or 1, denotes the added amount of CMC and the third symbol, L, indicates the latex addition, as indicated in Tab. 1. All the fluids were tested the day following their preparation.
Steady and oscillating shear rheological tests were performed with a rotational rheometer (Advanced Rheometer AR-2000, TA Instruments). The steady shear viscosity, storage modulus, G' and loss modulus, G" were all measured in a Couette configuration of 30 mm for outer cylinder and 28 mm for the inner cylinder for all fluids. The measurements were performed at 25 ∞C. 
JET COATING TESTS
Coating studies were carried out on the laboratory jet coater shown in Fig. 4 . The coater is composed of a slot-type nozzle applicator and a moving synthetic paper loop (1058-Tyvek™). The nozzle applicator transfers the coating liquid to the web, without overflow or post-metering. The nozzle has a slot of 2 mm thick and a width of 100 mm. In all the experiments, the distance between the nozzle exit and the web also called coating gap, D, was kept at 5 mm and the impingement angle, a, at 90 degrees (see Fig. 4 ). The web speed, U, can be varied from 0 to 25 m s -1 .
For the purpose of this study, a good jet performance for a given web speed was defined by the minimum flow rate which allows developing a stable jet. The jet was visualized in the coating gap under steady-state flow conditions using a color video camera (Hitachi VK-C370) and a video recorder (Hitachi D4A MX431). Fig. 5 shows the calibration curve (Euler number versus Reynolds number) experimentally established. In the range of pressure drop values measured, the accuracy was estimated to be ± 3.2 % and ± 12.8 % for the Re and Eu, respectively. A laminar region (slope of -1) is observed at low Re, where the flow is purely viscous. At high Re, inertia effects become important and the pressure drop becomes gradually independent of the viscosity. The critical Re corresponding to the transition flow regime was established at 20. Hence, data obtained for Re > 20 were corrected using Eq. 10. In laminar region, the experimental calibration curve can be correlated by:
RESULTS AND DISCUSSION
CALIBRATION
This is not significantly different from the theoretical expression (Eq. 8).
SHEAR FLOW RESULTS
Non-pigmented fluids and coating colors exhibited a shear-thinning behavior, which can be well described by a power-law model with an infinite shear viscosity at high shear rate, namely: where h s is the apparent shear viscosity, g · is the shear rate, h ∞ is the infinite shear viscosity and m and n are the shear consistency and the shear power-law index, respectively. Fig. 6 shows the typical shear viscosity curves for all the coating colors in the shear rate range of 1 to 4300 s -1 . All the fluids exhibited a shear-thinning behavior in the shear rate range of interest, that is g · > 30 s -1 . The rheological parameters m, n and h ∞ are reported in Tab. 2. The rheological parameters of non-pigmented fluids estimated in the shear rate region of interest are presented as references in the same table. From  Fig. 6 , it is observed that a constant shear viscosity for all the coating colors could be reached for shear rate higher than 3000 s -1 . The effect of latex addition is more evident at low shear rate (see the data sets for C55-05L/C55-05 and C65-0L/C65-0). At high shear rate, the addition of latex does not significantly affect the shear viscosity. However, the shear rate to which viscosity is not sensitive to the addition of latex depends on the solids content. Typically the addition of latex decreases the shear viscosity at high shear rates. Indeed, smaller latex particles (average particle size of 0.1 mm) could fit between the larger pigments particles (average particle size of 2 mm) and lubricate the flow of the larger particles [13] .
Several additional remarks can be made from Tab. 2 and Fig. 6 . The shear power-law index remains within a relatively narrow range but increases slightly with the thickener concentration and reduces with latex addition. The shear consistency index is shown to increase with thickener concentration, solids content and latex addition. However, the effect of latex on the infinite shear viscosity is more complex: for the high solids content coatings, the addition of latex results in a reduction of the infinite shear viscosity as discussed above. No shear-thickening behavior at high shear rate was observed with any formulation in the shear rate range investigated. It has been demonstrated that the elastic effects of high concentrated coating colors can be neglected when the fluid is highly deformed [14] . The results of our oscillatory shear measurements are summarized in Tab. 3, where the loss modulus, G'' and the storage modulus, G' evaluated at a strain rate amplitude of 10 are reported. It can be seen that the loss factor, tan d = G"/G', is considerably larger than 1, indicating that all the fluids investigated were much more viscous than elastic. The critical strain amplitude, g c , at which moduli depart from a linear behavior is the same for all the coating colors and refers to the strain to which the coating colors can withstand without being perturbed. In Tab. 3, it can be seen that the coating colors have a critical strain amplitude of 0.004 that is considerably lower than that for non-pigmented fluids (0.25). It means that internal structure of the coating colors begins to break down more easily than that of non-pigmented fluids. The elastic behavior of the coating colors is probably the result of a weak network structure between pigment particles and/or thickener. At low strain amplitude, below the critical point, both moduli are constant. From this critical point the moduli decrease when increasing strain amplitude and the fluids start exhibiting a non-linear viscoelastic behavior.
EXTENSIONAL FLOW RESULTS
In Figs. 7 and 8 , the apparent extensional viscosity data are plotted as a function of the effective strain rate. The apparent extensional viscosity and effective strain rate were calculated using Eq. 9 and 5, respectively. All data for Re > 20 were corrected using Eq. 10. An average accuracy of 15% was estimated for the apparent extensional viscosity measurements. Fig. 7 shows the apparent extensional viscosity obtained for the nonpigmented fluids FF30(6) and PEG(5)FF700(3). Both fluids are strain-thinning in the effective strain rate investigated, i.e. the apparent extensional viscosity decreases with increasing effective strain rate.
As Fig. 8 shows, the three low solids content coating colors exhibited a similar behavior. An initial plateau at low effective strain rate (above 2000 s -1 ) is observed. Then, coating colors exhibit strain-thinning with increasing effective strain rate. At a given strain rate, an increase in the thickener content (CMC 7LT) leads to an increase in the apparent extensional viscosity. A certain sensitivity to the latex addition is also observed. High solids content colors also exhibit strain-thinning in the whole range of the effective strain rate investigated (Fig. 8) . In this case, the apparent extensional viscosity is not sensitive to latex addition (see C65-0 and C65-0L). The amount of thickener slightly affects the extensional viscosity at low effective strain rate (see C65-0 and C65-05). For all the fluids, the apparent extensional viscosity, h E , can be described with a power-law function of the effective strain rate, , as follows: (13) where " and t are the extensional consistency and extensional power-law index, respectively.
In order to compare the extensional properties of the fluids investigated, the apparent extensional viscosity data evaluated at = 4200 s -1 are shown in Tab. 3. This effective strain rate value corresponds to the average value of the extension rate occurring in the application region of the jet coater where the extension rate is defined as the ratio of the difference of the web speed and the jet velocity to the difference of the film thickness and the jet thickness:
The same order of magnitude of h E (around 2.5 Pas) is observed for non-pigmented fluids and high concentrated coating colors. It means that, from a mechanical point of view, both kinds of fluids would have the same ability to develop jets during jet coating process. The molecular nature of the thickener used may significantly influence the extensional flow behavior. Branched molecules of non-pigmented fluids (carboxymethyl cellulose) would be at the origin of a high extensional viscosity, since they exhibit a randon-coil type conformation in solution [15] . In the case of highly concentrated coating colors, it is possible that the alignment of the particles influences the apparent extensional viscosity value. With comparable operating conditions, low concentrated coating colors would promote the stretching of the jet, generating thus thinner jets, as these fluids would offer less resistance to the stretching. On the other hand, the apparent extensional viscosity increases with solids content. We can see in Tab. 3 that h E of C65-05 is about six times larger than that of C55-05. For the low concentrated coating colors, the effect of thickener is more evident. For instance, C55-1 exhibits a h E twice larger than that of C55-05 while C65-05 exhibits h E only 15% larger than that exhibited by C65-0. Finally, it is observed that the addition of latex strongly affects h E of low concentrated coating colors (i.e. it increases h E ). For high solids colors, the addition of latex changes the type of interactions and reduces h E (compare C65-05 with C65-0L). It would seem that the effect of thickener is suddenly minimized by the latex addition.
TROUTOUN RATIO
It is interesting to compare the apparent extensional viscosity with the shear viscosity in terms of the Trouton ratio, which was calculated by the following expression: where h E is the extensional viscosity data plotted in Fig. 8 and h s is the apparent shear viscosity at the same value of the effective strain rate. It is important to point out that the shear viscosity was considered as a constant for g · > 3000 s -1 reported in Tab. 2. The results for all the coating colors are presented in Fig. 9 . The Trouton ratio is larger than the theoretical value of 3 for Newtonian fluids. For effective strain rates smaller than 3000 s -1 the high solids content colors show a Tr of about 15, while for the low solids colors Tr is about 10. In the effective strain range from 3000 to 6000 s -1 , this ratio is fairly constant and of the order of 10 for all the coating colors. Tr decreases down to 5 for effective strain rate larger than 6000 s -1 . These values of the Trouton ratio are comparable to those obtained by Della Valle et al. [9] and Ascanio et al. [16] for clay suspensions in a Newtonian fluid containing 50 -65 wt% solids content. Furthermore, these results are similar to the value obtained with coating colors based on delaminated kaolin clay (52 and 62 wt%) and ground calcium carbonate (55 and 65 wt%) by Arzate et al. [17] who found a Trouton ratio between 8 and 20. However, it has been found that the Trouton ratio could reach values of 85 for coating colors based on delaminated kaolin clay [16] .
JET PERFORMANCE
Figs. 10a,b are examples of jet flows obtained in the application region with the non-pigmented fluid, FF30(6) and the low concentrated coating color, C55-1, respectively. These images correspond to stable jets obtained at U = 12.5 m s -1 . In comparable operating conditions, as it can be seen in Fig. 10 , a liquid having a high extensional viscosity (FF30(6)) exhibited a less curved downstream meniscus (longer radius of curvature) than the low extensional viscosity liquid (C55-1). Consequently, the length necessary for the coated film to reach its final thickness is larger. In order to compare the jet performance for four fluids in the same operating conditions, the downstream meniscus configuration obtained at U = 8.3 m s -1 is presented in Fig. 11 . In this figure, X and Y represent dimensionless positions along the web and normal to the web, respectively. Half-gap of the nozzle slot, G and the width of the coating gap, D were used to represent the x-coordinate and y-coordinate scale, respectively. As expected, the curvature of the meniscus depends on the extensional viscosity. The curvature decreases with increasing extensional viscosity. This behavior is general to all the non-Newtonian fluids investigated. From a processing point of view, a low extensional viscosity seems to be beneficial for a good runnability since the coating liquid would exhibit less resistance to deformation, so the radius of curvature of the downstream meniscus would be reduced, as well as the liquid tearing. These results confirm that the extensional viscosity is relevant in evaluating the behavior of coating colors. In addition the effect of strain-thinning behavior was clearly observed at high web speed. Under these operating condi-
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Applied Rheology Volume 14 · Issue 5 tions, the downstream meniscus tends to recede with increasing web speed as illustrated in Fig. 12 for C65-0 at three different web speeds (U = 12.5, 16.6 and 20.8 m s -1 ). However, the observations of Fig. 12 could be largely due to inertia effects under such high jet velocities.
CONCLUSION
In this work, the apparent extensional viscosity of non-pigmented fluids and coating color formulations containing calcium carbonate as pigment was determined at high strain rates typical of jet coating process. For this purpose, an orifice flowmeter, whose operating principle is based on the pressure drop-flow rate relationship for the flow through a small size orifice, was used. A strain-thinning behavior was observed for all the coating liquids. The Trouton ratio of the coating colors was found to be around 10 for < 6000 s -1 . This result is in good agreement with to that reported in the literature for the high concentrated suspensions. In jet coating, the coating colors are submitted to extensional strain rates around 5000 s -1 , in the application region, so that the extensional viscosity could reach values 10 times larger than shear viscosity. This could be very useful information to explain some phenomena in jet coating process, such as the jet stretching, the increase of the back flow on the nozzle, the jet tearing preventing the entire coating film to be transferred to the web surface, etc. The extensional viscosity was found to be slightly sensitive to the amount of thickener, but practically insensitive to the addition of latex. The amount of solids contained into the coating colors strongly affects the extensional viscosity.
In addition, the extensional properties were related to the jet stretching in the application region via the downstream meniscus configuration. Low extensional viscosity promotes an increased curvature of the downstream meniscus. From a processing point of view, a low extensional viscosity is beneficial for a good runnability, since it increases the curvature of the downstream meniscus and consequently reduces the distance required for the coated film to reach its final thickness. Finally, the results presented here should be regarded as estimates of the rheological properties in extension with the intention to better interpret the jet coating process hydrodynamics.
